A mutant of Rhizobium melioti unable to transport C4 dicarboxylates (dct) was isolated after TnS mutagenesis. The mutant, 4F6, could not grow on aspartate or the tricarboxylic acid cycle intermediates succinate, fumarate, or malate. It produced symbiotically ineffective nodules on Medicago sativa in which bacteroids appeared normal, but the symbiotic zone was reduced and the plant cells contained numerous starch granules at their peripheries. Cosmids containing the dct region were obtained by selecting those which restored the ability of 4F6 to grow on succinate. The Tn5 insertion in 4F6 was found to be within a 5.9-kilobase (kb) EcoRI fragment common to the complementing cosmids. Site-specific Tn5-mutagenesis revealed dct genes in a segment of DNA about 4 kb in size extending from within the 5.9-kb EcoRI fragment into an adjacent 2.9-kb EcoRI fragment. The 4F6 mutation was found to be in a complementation group in which mutations yielded a Fix-phenotype, whereas other dct mutations in the region resulted in mutants which produced effective nodules in most, although not all, plant tests (partially Fix-). The dct region was found to be located on a megaplasmid known to carry genes required for exopolysaccharide production.
Bacteria of the genus Rhizobium fix nitrogen in a symbiotic association with leguminous plants. The interaction begins with the binding of the bacteria to the root, followed by their entry, usually through a root hair. Cortical tissues of the root proliferate and produce specialized structures, nodules, which are penetrated by infection threads carrying the bacteria. In a mature nodule some of the bacteria become intracellular and differentiate into forms known as bacteroids. Bacteroids are supplied with substrates required for growth and nitrogen fixation, in particular those used as carbon and energy sources. In return, fixed nitrogen is exported for use by the plant.
In Rhizobium meliloti, genes required for symbiotic nitrogen fixation are known to be located on two megaplasmids (3, 17, 25, 37) and on the chromosome (19, 29) . The nod megaplasmid contains genes required for early stages of nodule formation, nitrogenase structural genes (niJHDK), and other genes necessary for nitrogen fixation (nif and fix) (9, 28, 30) . On the exo megaplasmid there are genes required for exopolysaccharide production that have a role in the formation of infection threads within the developing nodule (16, 17) .
Elucidation of the pathways of metabolic exchanges between bacteroids and the host plant is essential for an understanding of the symbiosis and its regulation. The tricarboxylic acid cycle has been implicated as a 9entral pathway for carbon metabolism in bacteroids (43) . Mutants defective in enzymes of this cycle, such as succinate dehydrogenase and a-ketoglutarate dehydrogenase, form ineffective nodules (13, 21) . Conversely, mutants deficient in carbohydrate metabolism generally form effective nodules (23, 36, 43 (2, 6, 18, 34, 35) . These compounds have also been found to support nitrogen fixation by purified bacteroids (4, 22) .
In this report we describe the characterization of a dct mutant of R. meliloti and the identification of a DNA segment containing multiple dct genes. The region involved is required for symbiotic nitrogen fixation and is located on the exo megaplasmid.
MATERIALS AND METHODS
Strains and plasmids. Strains of R. meliloti, Escherichia coli, and Agrobacterium tumefaciens and plasmids used in this work are described in Table 1 . R. meliloti 4F6 was derived by Tn5 mutagenesis with pGS9 (39) . A. tumefaciens PD2001, carrying the nod megaplasmid of JJ1c10, was derived by P. D. Donaldson and V. N. Iyer, Carleton University, using TnS-A1 (40) to promote conjugal transfer. R. meliloti and A. tumefaciens strains were grown on TY medium containing CaC12 (5). Antibiotics used were rifampin (100 ,ug/ml), tetracycline (5 ,ug/ml), kanamycin (40 ug/mml), and gentamicin (25 ,ug/ml). Minimal medium was M9 (31) with carbon source present at 20 mM. NH4Cl was omitted in testing aspartate as the nitrogen source. E. coli strains were grown in LB medium (31) .
Genetic manipulations. Triparental matings to introduce pLAFRI and pRK310 derivatives into R. meliloti were done with pRK2013 or pRK2073 as a helper plasmid (10, 12) .
Cosmids were mobilized from R. meliloti into E. coli by triparental matings including the R. meliloti cosmid donor, HB101 recipient, and pBB97 in R. meliloti JJlc1O as a helper. The helper plasmid was subsequently lost from the transconjugants owing to incompatibility with the cosmid. TnS insertions into cosmid pBB107 were obtained as described by Ditta (10 Ltd.) and 100 jig of cell protein per ml. Samples (0.1 ml)
were withdrawn at intervals, filtered -through membrane filters (HA; pore size, 0.45 ,um; Millipore Corp.), and washed twice with 10 ml of M9 medium containing 4 mM unlabeled dicarboxylate. The filters were dried and counted in a Beckman LS8000 liquid scintillation counter.
Plant tests. Seeds of Medicago sativa cv. Saranac were sterilized by treatment with 95% ethanol for 5 min and 6% sodium hypochlorite (Javex bleach) for 1 h, germinated on slopes of nitrogen-free plant nutrient agar (39) in test tubes (150 mm by 25 mmn [diameter]) (two seeds per tube), and inoculated after 3 days with approximately 107 R. meliloti cells suspended in distilled water. Twenty plant tubes were used for each strain tested. Plants were grown in a controlled-environment chamber at 21°C with combined fluorescent and tungsten lighting (250 microeinsteins/m2 per s) for 16 h/day. Nitrogen fixation was assayed by acetylene reduction (41) in 10 tubes after sealing. To reisolate bacteria, nodules were surface sterilized for 15 -s in 0.05% Triton X-100 and then for 15 s in 6% sodium hypochlorite (Javex bleach), washed three times in sterile distilled water, and crushed in 0.7% saline.
Heme was assayed by the cyanmethemoglobin method as described by Wilson and Reisenauer (44) modified as follows. Nodules (50 to 100 mg) were collected from 5-week-old plants grown in plant growth pouches (41) . The nodules were crushed in 9 volumes of Drabkin solution in a Microfuge tube (Beckman) with a glass rod, and then the tube was centrifuged for 15 min at 12,000 x g. The supernatant was filtered through a 0.2-pum syringe filter into a microcuvette and scanned for absorbance in a Bausch and Lomb Spectronic 2000 spectrophotometer. A base-line correction was made by using root tissue prepared in the same way. The heme concentration was calculated from the A540 peak by using standard hemoglobin solutions. Microscopy. Nodules were fixed in 3% (wt/vol) glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2) for 3 h, washed in buffer, and post-fixed in 1% OS04 in the same buffer for 1.5 h. They were then stained en bloc in 2% uranyl acetate overnight, dehydrated through an ethanol series, and embedded in Epon 812 resin. Sections for light microscopy were stained with 0.01% toluidine blue. Ultrathin sections for electron microscopy were stained with saturated uranyl acetate and lead citrate and examined with a Philips EM300 electron microscope. concentration. An equivalent rate of aspartate uptake was found to require a, concentration of about 4 mM. 4F6 was unable to transport these dicarboxylates with or without induction. Thus, 4F6 is mutated in a locus required for transport of C4 dicarboxylates (dct) including aspartate.
RESULTS
Plants inoculated with 4F6 did not fix nitrogen at detectable levels (<5 nmol/h per plant after 28 days compared with 94 nmol/h per plant after 28 days for the wild-type strain). On nitrogen-free medium they became chlorotic and stunted in 4 to 6 weeks. The ineffective nodules were similar to those induced by the wild-type strain, although they tended to be more elongated. They were notably pink and were found to contain about 25% as much heme as the wild-type nodules after 35 days (59 nmol/g [fresh weight] of nodules for 4F6 compared with 232 nmol/g for the wild-type strain).
Microscopic examination of 28-day-old nodules formed by 4F6 and JJlc1O showed the presence of meristematic, symbiotic, and senescent zones in both, but in 4F6 nodules the symbiotic zone was markedly reduced in size and a high proportion of the nodule was senescent ( Fig. 2A and B) .
Within the symbiotic zone fewer cells contained mature bacteroids, and both infected and uninfected cells contained many starch granules around their peripheries (Fig. 2C and  D) . Cells containing bacteroids at all stages of development were present, frequently intermingled, but bacteroids did not appear different from those of wild-type nodules (Fig. 2E ducibly restored its ability to grow on the four dicarboxylates, as well as its symbiotic nitrogen fixation ability.
Restriction mapping of the DNA carried by the three cosmids showed that they overlap and span a 37-kilobase (kb) DNA segment. Hybridization of cosmid DNA to EcoRIand HindIII-digested total DNA of 4F6 was used to map the TnS insert in the mutant. It was found to be within a 5.9-kb EcoRI fragment common to all three cosmids (Fig. 3) .
Site-directed TnS mutagenesis with cosmid pBB107 was used to determine limits for the dct locus (Fig. 3) . A series of eight TnS inserts within the 5.9-kb EcoRI fragment and an adjacent 2.9-kb fragment produced a Dct-phenotype when recombined into JJ1c1O. Cosmid pBB122, derived by subcloning a 6.0-kb HindIII fragment from pBB107, complemented all the dct::TnS mutations. The dct genes so identified span at least 4 kb, although the right end of the region was not well delineated by TnS inserts. No other symbiotic genes were found in the region.
Mating of the pBB107::TnS cosmids into 4F6 and testing of the resultant Dct and Fix phenotypes defined a complementation group within the 5.9-kb EcoRI fragment which includes the original TnS insertion in 4F6 (Fig. 3) Localization of the dct genes to a megaplasmid. To determine the location of the dct region, pBB107 was used to probe Eckhardt gels (14) prepared by using JJlclO and 1021. The probe hybridized to the megaplasmid band in both strains (data not shown).
Strain 1021 is known to contain two megaplasmids which usually comigrate on Eckhardt gels but which have been differentiated by their independent transfer to A. tumefaciens together with either nodulation (nod) or exopolysaccharide (exo) genes (17, 25) . JJlclO contains analogous megaplasmids, as shown by probing Eckhardt gels with pBB109 and pRmTl, although only the nod megaplasmid has been transferred to A. tumefaciens. To determine which megaplasmid carries the dct genes, EcoRI-digested genomic DNA of JJ1c1O, 1021, and A. tumefaciens derivatives carrying the R. meliloti megaplasmids was analyzed by probing (Fig. 4) .
The DNA of JJlclO probed with pBB107 produced hybridization bands corresponding to the EcoRI fragments mapped in the cosmid. The pattern of hybridization obtained with 1021 DNA differed in that the EcoRI fragments to the left of the 5.9-kb fragment in JJlclO (Fig. 3) were absent with no apparent replacements. JJlclO thus appears to contain megaplasmid DNA near the dct genes for which there is no equivalent in 1021. The other EcoRI fragments in pBB107, which include those containing dct genes, were the same in the two strains (Fig. 4B, lanes a and b) . Cosmid pBB107 did not hybridize to the nod megaplasmids in A. tumefaciens. The dct genes in JJlclO must therefore be on another megaplasmid, although its coidentity with the exo megaplasmid has not been established directly. However, EcoRI fragments corresponding to those containing the dct loci hybridized to DNA from the A. tumefaciens strains containing pRmeSU47b, demonstrating that they are located on the exo megaplasmid in strain 1021. 
DISCUSSION
The inability of 4F6 to utilize C4 dicarboxylates is due to a TnS mutation which prevents transport of these substrates. Mutants blocked in this type of transport have been found for R. meliloti (6) , R. leguminosarum (2, 18, 34, 35) , and E. coli (27) . The tricarboxylic acid cycle intermediates succinate, fumarate, and malate are substrates for the dicarboxylate transport system, which is also induced by these compounds.
The mutation in 4F6 also prevents aspartate transport for use as a carbon source. 4F6 is able to use aspartate as a nitrogen source, indicating that there may be two systems for aspartate transport. The regulation of aspartate transport and its relationship to transport of succinate, fumarate, and malate is not known. However, it is likely that aspartate is a substrate of the dicarboxylate transport system and that this is the major route for aspartate uptake for use as a carbon source. Aspartate has also been reported to be a substrate of the dicarboxylate transport system in E. coli (27) . Aspartate transport in R. meliloti was found to be inducible by aspartate and to require a substrate concentration about 100-fold higher than that required for succinate transport.
Plants inoculated with 4F6 formed nodules in which apparently normal bacteroids were found within the host cells, but they senesced rapidly and no nitrogen was fixed. The plant cells contained more starch granules than did cells in wild-type nodules, indicating that carbon and energy source reserves had accumulated. These observations demonstrate that R. meliloti bacteroids require dicarboxylates to support nitrogen fixation, although initially they can proliferate extensively in the nodule without these substrates. Similar nodule ultrastructures have been observed in clover nodules formed after inoculation with an R. leguminosarum biovar trifolii dct mutant (35) and in pea nodules inoculated with an R. leguminosarum biovar viceae dct mutant (2) . The ineffective nodules produced by 4F6 are most probably due to a bacteroid requirement for succinate, fumarate, or malate rather than aspartate, since aspartate was found to be transported poorly at low concentration in the free-living wild-type strain. However, further consideration of a role of this compound in the symbiosis is warranted.
A notable difference between 4F6 and other Rhizobium dct mutants that have been described is that nodules produced by 4F6 are pink and contain heme. Heme biosynthesis requires succinyl-coenzyme A, which is also interconvertible with succinate in the tricarboxylic acid cycle. We cannot readily explain the presence of heme in 4F6 nodules, although it is possible that heme biosynthesis is either temporally or The dct genes are located on the R. meliloti exo megaplasmid, known to also contain genes for exopolysaccharide production and thiamine biosynthesis (17) . Although the dct and exo genes are required for symbiotic nitrogen fixation, it is notable that these and the thiamine biosynthesis genes are expressed by the bacteria in the free-living state and are associated with functions that are not unique to nitrogenfixing bacteria. In particular, the ability to utilize dicarboxylates is a basic function that is widespread in bacteria. In contrast, the R. meliloti nod megaplasmid has been associated with functions which are exclusively symbiotic and expressed in association with the plant. Thus, unlike the nod megaplasmid, the exo megaplasmid contains genes which are essentially chromosomal. This megaplasmid may be either a second chromosome ofR. meliloti or a plasmid which carries a segment which originated as part of a bacterial chromosome. It is of interest to determine whether there are any fundamental differences, such as in the regulation of transcription, between genes required for symbiotic nitrogen fixation located on the chromosome and those on the exo megaplasmid.
ACKNOWLEDGMENTS
We are grateful to Roselyn Heys and Peter Marshall for their dedicated technical assistance. We thank T. M. Finan for A. tumefaciens derivatives containing megaplasmids from strain 1021 and P. A. Donaldson for a similar derivative containing the JJ1c10 nod megaplasmid.
